Abstract: The Fabry-Pérot formulation has been widely used as a simple and intuitive optical modeling method of organic light-emitting diodes (OLEDs). However, because the Fabry-Pérot formulation in the optical modeling of OLEDs does not include the effect of the dipole orientation and light polarization on light emission characteristics, rigorous electromagnetic models should be used, in spite of their heavy mathematical and computational complexity. In addition, the validity and the limitation of the Fabry-Pérot formulation for OLEDs have yet to be proven. We propose a generalized Fabry-Pérot formulation to calculate the dependence of the dipole orientation and light polarization on the angular emission characteristics using a simple analytical equation rather than a complicated electromagnetic model. The generalized Fabry-Pérot formulation is derived, together with detailed steps, and becomes equivalent to the current Fabry-Pérot formulation in isotropic dipole orientation. In addition, the physical interpretation of the proposed Fabry-Pérot formulation is elucidated in comparison with the quantum mechanical model. To demonstrate the applicability and the validity of the generalized Fabry-Pérot formulation, the angular emission spectra of a top-emitting OLED are calculated with respect to the horizontal dipole ratio and the light polarization, which can be easily calculated based on a simple analytical equation.
Introduction
Optical modeling of organic light-emitting diodes (OLEDs) has been intensively studied to improve the out-coupling efficiency together with the angular emission dependence [1] , [2] . Because OLEDs are composed of multiple thin films having the total thickness on the order of hundreds of nanometer, micro-cavity effect plays an important role in the light emission characteristics [3] - [6] .
The orientation of a dipole emitter is also a crucial factor to determine the light emission characteristics because horizontally-oriented dipole emitters give higher out-coupling efficiency than vertically-oriented dipole emitters [7] - [9] . In addition, the angular emission characteristics depends on polarization of light [10] - [12] , which should be considered for high-contrast OLEDs based on a circular polarizer. Thus, optical model of OLEDs should be able to quantify how the dipole orientation and polarization dependency affect the angular emission characteristics with respect to the wavelength.
Rigorous electromagnetic models have been proposed to calculate the effect of the dipole orientation and polarization dependency on the light emission characteristics of OLEDs [13] - [16] . Dipole emission in OLEDs was described by the classical radiation theory of an electrical dipole antenna, which was equivalent to the quantum-mechanical model of an electrical dipole transition coupled to photonic modes [13] , [14] . However, this so-called power spectrum method was too complicated because it required analytical integration and the optimization of calculation parameters. Another electromagnetic model used electric-field source terms in the matrix formalism and needed no analytical integration [15] , [16] . Nevertheless, this source-term method required complicated matrix calculation and could not give a good insight to the optical design of OLEDs.
Fabry-Pérot formulation, which combines Fabry-Pérot resonator theory and the transfer matrix method, has been widely used as a simple but intuitive model for micro-cavity effects in OLEDs [3] - [6] . In this analytical model, the light emission characteristic is described by two interference terms. The first is the multiple-beam interference (MBI) term, which results from the multiple resonances inside the OLED cavity and is described by the Fabry-Pérot resonator theory [17] , [18] . The second corresponds to the two-beam interference (TBI) term, which describes the interference effect of the emission source itself [19] - [21] . However, the currently used FabryPérot formulation has not yet included the effect of the dipole orientation and polarization dependency on the optical modeling of OLEDs. Moreover, all the Fabry-Pérot formulations for OLEDs had been adopted from the Fabry-Pérot formulations used for semiconductor LEDs [22] , [23] . There is no research effort to demonstrate whether the Fabry-Pérot model for OLEDs is physically equivalent to the quantum-mechanical or the rigorous electromagnetic models. Thus, the validity and the limitation of the Fabry-Pérot formulation for OLEDs have yet to be investigated.
In this paper, we propose a generalized Fabry-Pérot formulation to consider the dipole orientation and polarization dependency in the optical modeling of OLEDs. The generalized Fabry-Pérot formulation is derived from the source-term method and becomes equivalent to the currently used Fabry-Pérot formulation in isotropic dipole orientation. The physical interpretation of the generalized Fabry-Pérot formulation is performed based on Fermi's golden rule. To demonstrate the applicability and the validity of the proposed optical modeling method, we calculate the angular emission characteristics of a top-emitting OLED with respect to the horizontal dipole ratio and the light polarization. The calculation results obtained by the generalized Fabry-Pérot formulation based on a simple analytical equation are matched with previous calculation results obtained by other modeling methods with mathematical and computational complexity.
Theory

Determination of the Electric Field Amplitudes
Typical OLEDs comprise a stack of thin-film multilayers, which are assumed to be isotropic and homogeneous with plane parallel interfaces. Fig. 1 shows a schematic diagram of OLEDs with forward-and backward-propagating electric field amplitude ðE Þ in the coherent multilayer designated as the +(−) superscripts. We assume that each layer w ðw ¼ 1; 2; . . . ; nÞ has a thickness of d w and a complex refractive index ofñ w ¼ n w þ i w , where n w and w are the refractive index and the extinction coefficient, respectively. The layer j is designated to be the emission layer with the thickness of d j ¼ Z , which is sandwiched between two coherent multilayers. In realistic working conditions of OLEDs, the emission layer is speculated to have a complex refractive index because the absorption or emission spectrum of the dipole emitter, which contributes to the imaginary part of the complex refractive index, is matched with the operating wavelength. For simplicity, the emission layer is assumed to be non-absorbing in this derivation in accordance with other rigorous electromagnetic models for OLEDs [13] - [16] . Inside the emission layer, we assume that emission sources are confined to be at one interface. This is denoted as the source plane, which is z ex distant from the left boundary of the emission layer. Light emission from the source plane is described by the wave vector ofk j and the emission angle of j ¼ e , both of which are real in the nonabsorbing emission layer. In the electric field amplitude, s and p polarizations are denoted as the sðpÞ superscripts. The light emission is assumed to be extracted into the semi-infinite transparent ambient layer on the left ðw ¼ 0Þ and on the right ðw ¼ n þ 1Þ, which has only one electric-field component of E À;sðpÞ 0 ðw ¼ 0Þ or E þ;sðpÞ nþ1 ðw ¼ n þ 1Þ. The extraction angle in the non-absorbing ambient layer is given by n j sin j ¼ n 0ðnþ1Þ sin 0ðnþ1Þ due to Snell's law of refraction [2] , [14] .
According to the transfer matrix method, the light propagation in the multilayer is described by means of the interface matrix ð " IÞ and the layer matrix ð "
LÞ [24] , [25] . The electric amplitudes at the interface between w -th and ðw þ 1Þ-th layer are written as 
Here, the sign convention for the polarization-dependent reflection coefficients is determined based on the inset of Fig. 1 . The propagation of the electric field amplitude between the left and 
where the 2 Â 2 system matrices on the left and right sides of the emission layer are
Equation (8) and (9) are mathematically equal to those in the source-term method [15] , [16] except that the layer matrixes for the emission layer-" L j ðz ex Þ; " L j ðZ À z ex Þ-are separated from the 2 Â 2 system matrices on the left and right sides of the emission layer. Further development of the analytical expressions of (8) and (9) 
In the same manner, r sðpÞ B
and t sðpÞ B represent the front-reflection and front-transmission coefficients from the layer j to n+1 and are given by [25] 
From (7) to (9) 
We will focus on the electric field amplitudes of E À;sðpÞ 0 and E þ;sðpÞ nþ1 , which describe the output light emission characteristics in the semi-infinite transparent ambient layer. When the definitions of the reflection and transmission coefficients from (10) to (13) are used, (18) and (19) 
In (20) and (21), the common denominator corresponds to the MBI effect, which is also called the cavity quality factor Q. The different nominators are related with the TBI effect, which represents the interference between directly emitting and reflected radiation of a dipole emitter [19] - [21] .
Determination of the Electric Field Intensities in the Outer Ambient Layer
The spontaneous emission of an OLED can be modeled by the Hertz dipole radiation with horizontal and vertical orientations. In the rigorous electromagnetic model, the spatial distribution of the dipole radiation in both near-and far-field zone is represented by a superposition of s-and p-polarized plane and evanescent waves, which corresponds to the Fourier transform over a different in-plane wave vector [13] , [14] . The radiation pattern inside the multilayer structure of OLEDs can be obtained by taking proper plane wave components of the dipole radiation pattern, which propagate and reach the multilayer structure. Thus, we can use the transfer matrix method to describe the electric field distribution in the multilayer structure if the source term, the plane wave component of the dipole radiation pattern, is given. When horizontal and vertical orientations of dipoles are denoted as the hðv Þ subscripts, the radiation pattern of the Hertz dipole emitter can be described by the normalized spectral power density [15] , [16] 
where e is the emission angle in the emission layer in Fig. 1 . The normalized spectral power density P sðpÞ hðv Þ is assumed to be dimensionless. Thus, the source term A þðÀÞ;sðpÞ depends on the light polarization, the dipole orientation, and the emission angle, which is written as [15] , [16] 
Here, E þ;sðpÞ e and E À;sðpÞ e are the forward-and backward-propagating electric field amplitudes at the source plane for s(p) polarizations, which will be cancelled out in (42) shown below. Substitution of (26) and (27) into (20) and (21) 
The phase changes for the MBI can be defined as 
In the same manner, the electric field intensity at the ambient on the right can be simplified into 
where the phase change for the TBI at the left boundary of the emission layer is defined as
It is noticeable that (34) can be easily obtained from (35) by replacing the TBI term at the left boundary of the emission layer with that at the right boundary of the emission layer and vice versa. In the case of double-emitting OLEDs [26] , the output electric field intensities on both sides can be calculated based on (34) and (35) . In general, the first layer ðw ¼ 1Þ in Fig. 1 comprises thick metal so that the electric field intensity on the left semi-infinite transparent ambient layer ðjE À;sðpÞ 0 j 2 Þ is zero. Thus, we will use only (35) for further derivation.
The degree of the dipole orientation can be expressed as [9] P sðpÞ total ¼ ÂP
where Â represents the horizontal dipole ratio and has a value of 0.67 for completely isotropic dipole orientation. Referring to (22) and (23), (35) for s polarization is given by
Similarly, (35) for p polarization leads to Fig. 2 shows a schematic diagram of the light propagation from the emission layer to air. The outer transparent ambient layer (layer n þ 1 in Fig. 1 ) is air for the top-emission OLED and the thick substrate for the bottom-emitting OLED. The angle-dependent electroluminescent spectrum of OLEDs is proportional to the spectral radiant intensity [2] , [27] . Because the thickness of the substrate (∼1 mm) in the bottom-emitting OLED is much larger than the coherence length of the OLED light emission ð$ 1 mÞ, the additional light propagation from the thick substrate to air should be treated as optically incoherent [28] - [31] , which will be explained later. In calculating the spectral radiant intensity in the layer n þ 1, we have to consider the fact that the projected area and the solid angle will change when the light propagates from the emission layer to the outer transparent ambient layer.
According to Snell's law of refraction, the angle in the emission layer ð e Þ is converted into the angle in the outer ambient layer ð nþ1 Þ by means of n e sin e ¼ n nþ1 sin nþ1
where n e and n nþ1 are the real value of the refractive index in the emission layer and the layer n þ 1. The change of the solid angle between the emission layer and the outer ambient layer is expressed as [15] , [16] 
The optical power transmittance, which reflects the change of the projection area between the emission layer and the outer ambient layer, is given by [15] 
where c is the speed of light in free space, and " 0 is the electric permittivity in free space. The termsS layer for sðpÞ polarization. =d e dS is the spectral radiant intensity of the total dipole emitters under no micro-cavity effect. Experimentally, the photoluminescence spectrum can be used for I sðpÞ R;e ð; e Þ [16] . In theory, I sðpÞ R;e ð; e Þcan be calculated using several parameters such as a radiative efficiency, a normalized spectral density, and the ratio of the emitted photon energy to the injected elementary charge [2] , [27] .
Substitution of (38) and (39) into (43) 
Here, T sðpÞ B
indicates the power transmittance from the emission layer to the outer ambient layer on the right-hand side and is defined as 
Finally, the total output spectral radiant intensity is obtained by summing (44) 
where e ¼ sin À1 ðn nþ1 =n e Þsin nþ1 ½ . Equation (47) is a generalized expression of the Fabry-Pérot formulation to calculate the dependence of the emission wavelength, the viewing angle, the dipole orientation ratio, and light polarization on the output emission characteristics of OLEDs. This analytical expression is mathematically equivalent to the matrix-based numerical sourceterm method [15] , [16] is much simpler than the rigorous electromagnetic model [13] , [14] .
If we take out the spectral radiant intensity of the total dipole emitters I sðpÞ R;e ð; e Þ in (47), we obtain the cavity enhancement factor G R;nþ1 ð; nþ1 ; ÂÞ [5] , [20] , which is expressed as 
In the case of the isotropic dipole orientation ðÂ iso ¼ 0:67Þ, (48) can be simplified into
In this case, the angular dependence of the source term disappears. The angular dependence of the cavity enhancement factor takes place at the transmittance and reflectance of the multilayer together with the phase change on reflection. Furthermore, in normal emission ð nþ1 ¼ 0 Þ, (49) is further reduced to TB due to the degeneracy of s and p polarizations in normal emission. We can easily show that (50) can be converted into the previous Fabry-Pérot formulations in the literature as follows [1] , [18] , [19] :
where the value of 1=4. indicates a solid angle for the dipole emitter because the spontaneous emission of an OLED is described by the normalized spectral power density. The term n 2 nþ1 =n 2 e originates from the change in the solid angle between the emission layer and the outer ambient layer.
In Fig. 2(b) , the outer layer n þ 1 in the bottom-emitting OLED corresponds to the thick substrate, which should be treated as optically incoherent because its thickness (∼1 mm) is much larger than the coherence length of the OLED light emission [28] - [31] . Because the thick substrate is incoherent, the change in the substrate thickness will not cause the interference effect within the coherent multilayer and not affect the electric field intensities in (34) and (35) . Instead, the incoherent multiple reflections inside the thick substrate cause the reduction of the optical power extracted into air, as shown in Fig. 2(b) . The fraction of incoherent power transmission from the incoherent substrate to air is given by [30] where T sÀa and R sÀa is the transmittance and reflectance from the substrate to air, respectively. The term is R sÀm is the reflectance from the substrate to the coherent multilayer [30] . In addition, we should consider the variation of the solid angle when the light propagates from the thick substrate to air. When Snell's law of refraction is applied, the conversion of the angle in the substrate ð nþ1 Þ into the angle in the air ð a Þ leads to n e sin e ¼ n nþ1 sin nþ1 ¼ n a sin a (55)
where n a ¼ 1 is the refractive index of air. Correspondingly, the change of the solid angle between the thick substrate and air is
Finally, the cavity enhancement factor of the bottom-emitting OLED can be obtained by multiplying correction factors by (48), which is expressed as
a cos a n 2 e cos e 
Application Scope of a Generalized Fabry-Pérot Formulation
The light coupling mechanism in a bottom-emitting OLED includes the radiation mode extracted into air, the substrate mode trapped in the thick substrate, the waveguide mode trapped in the multiple organic layers, and the evanescent surface plasmon mode generated at the metal-dielectric interface while the substrate mode is not existent in a top-emitting OLED [1] , [2] . Quantifying all the light coupling mechanisms in bottom-or top-emitting OLEDs is necessary to optimize the light extraction methods or to evaluate the external quantum efficiency (EQE). For this purpose, the rigorous electromagnetic model such as the power spectrum method [2] , [14] should be used in spite of its heavy mathematical and computational complexity.
The Fabry-Pérot formulation, including the proposed generalized Fabry-Pérot formulation, deals with only the radiation mode, which is a far-field plane wave extracted into air. In both topand bottom-emitting OLEDs, the radiation mode is extracted from the emission layer into air with the emission angle of 0 e sin À1 ð1=n e Þ. It can be shown that the generalized Fabry-Pérot formulation can be mathematically equivalent to the radiation mode part of the power spectrum method. For convenience, we prove the equivalence for the s-polarized radiation mode emitted by the horizontally-oriented dipole, but other two cases can be also proven in the same manner. In the power spectrum method, the light coupling process is described by the normalized in-plane wave vector [2] , [14] . According to [2, App.] , the normalized power density per unit normalized inplane wave vector for the s-polarized radiation mode emitted by the horizontally-oriented dipole K 0 h;s ðuÞ is given by
where u ¼ sin e is the normalized in-plane wave vector, and we have the relation of a
is the reflection coefficient in the forwardand backward-propagating direction. The term z þðÀÞ is the distance of the dipole emitter from the right-hand (left-hand boundary) of the emission layer. In reference to Fig. 1, we 
where k z;j and k z;nþ1 are the out-of-plane wave vectors in the emission layer and the outer ambient layer, respectively. In the case of the radiation mode, the normalized spectral power density per unit normalized in-plane wave vector K 0 h;s ðuÞ can be converted into a spectral power density per unit solid angle P 0 h;s ð nþ1 Þ, which is equivalent to the cavity enhancement factor
Substitution of (58) and (59) into (60) 
Equation (61) is the same as the first term of (48), except for the horizontal dipole ratio of Â. Thus, the radiation mode part of the power spectrum method can be converted into the analytical expression of the generalized Fabry-Pérot formulation, which is much simpler and provides the better design guideline. The proposed Fabry-Pérot formulation has a limitation in that it is not applicable to the calculation of the trapped optical coupling mechanisms such as the substrate mode, the waveguide mode, and the surface plasmon mode. In addition, the proposed Fabry-Pérot formulation cannot give a quantitatively absolute value of the EQE or the Purcell factor because all the light coupling mechanisms should be considered in these calculations. Although the application of the Fabry-Pérot formulation is only limited to the radiation mode, the Fabry-Pérot formulation is still a very useful and widely used modeling method to optimize the multilayer structure of OLEDs, where only the consideration of the radiation mode is sufficient to maximize the output intensity under the micro-cavity effect [3] - [6] . Thus, the generalized Fabry-Pérot formulation is more efficient than the rigorous electromagnetic model when we come to calculate the effect of the dipole orientation and light polarization on output characteristics of OLEDs, where only the radiation mode plays an important role.
Physical Interpretation Based on Fermi's Golden Rule
In the quantum-mechanical picture, spontaneous emission in organic electroluminescent media is described by coupling of an electrical dipole transition to photonic modes [2] . According to Fermi's golden rule in quantum electrodynamics, the optical transition rate ðÀÞ between the excited-energy state jji and the lower-energy state jii is given by [32] 
where " h is the Planck constant, and is the electric dipole moment. The optical transition rate in the quantum-mechanical picture is determined by the following three factors. The photonic density of states ðÞ is the number of photonic modes per unit frequency interval at the emitter frequency . The termẼ ðr e Þ represents the amplitude of the electric field at the emitter position ðr e Þ. Finally, ÁẼ corresponds to the orientation of the electric field with respect to the electric dipole direction.
The proposed Fabry-Pérot formulation for OLEDs includes all the factors used in the quantummechanical picture. For simplicity, we restrict our description to the normal dipole emission, which can be easily generalized for oblique dipole emission. Referring to Fig. 3(a) , the MBI term in (47) is written as 
where is the frequency of light. The MBI term F MBI ðÞ is equal to the Airy's factor and corresponds to the optical transmittance of the Fabry-Pérot resonator in a single direction [33] . If a one-dimensional homogeneous medium of the emission layer is located in free space, the photonic density of vacuum states is given by [17] 1D free ðÞ ¼
The photonic density of states along the cavity axis is proportional to the optical transmittance through the cavity in a one-dimensional planar micro-cavity [34] . The photonic density of states in the emission layer is expressed as
where the value of a constant K can be determined by the normalization condition of the photonic density of states [33] . As shown in Fig. 3(b) , the photonic density of states is greatly . The photonic density of states in the Fabry-Pérot resonator has a maximal value at the resonance frequencies of qÀ1 ; q ; qþ1 ; . . ., where q is an integer. The photonic density of states inside the emission layer is redistributed due to the Fabry-Pérot interference, which is well described by the MBI term in the proposed Fabry-Pérot formulation.
example of the top-emitting OLED used in [35] . Using the simple analytical formula in (47), we calculate the dependence of the dipole orientation and light polarization on the output intensity and spectrum, which shows the same tendency as other optical modeling methods did [7] - [9] . Fig. 5(a) shows a device structure along with its layer thickness, which is composed of Al (aluminum) as a reflective bottom anode, Alq 3 (tris-(8-hydroxyquinoline)aluminum) as an organic emission layer, and indium-tin oxide (ITO)/Ag (silver)/ITO as a semi-transparent top cathode. For simplicity, we assume that both the carrier transport and the exciton generation take place at the Alq 3 layer. We further assume that the exciton generation region or emission region is infinitely thin and has a -function distribution, as denoted in Fig. 5(a) . The complex refractive index spectra of each material are shown in Fig. 5(b) . Complex refractive indices of materials, except Ag, are taken from the literatures [36] , and that of Ag is obtained from the referenced web site [37] . In the Fabry-Pérot formulation, the refractive index of the emission layer is assumed to be real so that the extinction coefficient of Alq 3 is not considered in Fig. 5(b) . The photoluminescence (PL) spectrum of Alq 3 used for the organic emission layer is shown in Fig. 6(a) . A green-emitting Alq 3 has the PL peak at the center wavelength of 520 nm. The organic emission layer of Alq 3 is speculated to have the isotropic dipole orientation ðÂ ¼ 0:67Þ because the refractive index of Alq 3 is optically isotropic [38] . The exciton dipole position from the reflective bottom anode and the thickness of the Alq 3 emission layer are determined with the consideration of the micro-cavity effect. Fig. 6(b) shows the 2-D contour plot of the calculated total output radiant intensity as the thicknesses of the emission layer and the position of the exciton dipole emitter are varied. The thicknesses of the ITO/Ag/ITO semi-transparent top cathode are designed to maximize the total output radiant intensity in normal direction under the center wavelength of 520 nm when the dipole orientation is isotropic. The position of the dipole emitter is set to be 208 nm from the reflective bottom anode, which corresponds to the second resonance condition at the emission-layer thickness of 244 nm.
To verify the accuracy of the generalized Fabry-Pérot formulation, the output intensity is calculated at the same OLED structure of Fig. 5 (a) compared with the rigorous electromagnetic model [14] . Fig. 7 shows the calculation results of angular emission characteristics at the wavelength of 520 nm, which corresponds to the peak wavelength of the PL spectrum in Fig. 6(a) . The horizontal dipole ratio of Alq 3 is assumed to be 0.67, and the contribution of both s and p polarizations is added. The light intensity is normalized in reference to the intensity at the viewing angle of 0°. The two calculation results agree with each other, which demonstrate the accuracy of the generalized Fabry-Pérot formulation to the optical modeling for the top-emitting OLED. Fig. 8 shows the 2-D contour plot of the angular emission spectra depending on the horizontal dipole ratio and light polarization. For convenience, we assume the horizontal dipole ratio of the Alq 3 layer to have a value of Â ¼ 0:57, 0.67, and 0.77 although the actual dipole orientation of the Alq 3 layer is speculated to be isotropic ðÂ ¼ 0:67Þ. The vertically oriented dipoles have a little contribution on the extracted light, as shown in (23) and (25) . As the horizontal dipole ratio increases, the overall angular emission spectra become enhanced at all the extraction angles and the light polarizations, which agree with the other calculation results in terms of the dipole orientation dependency [7] - [9] . Fig. 9 shows the calculation results of the total extraction intensity as a function of the extraction angle in various combinations of the horizontal dipole ratio and the light polarization. The total extraction intensity becomes larger at the higher horizontal dipole ratio and p-polarized light, which is matched with the previous calculation results based on other modeling methods of OLEDs [7] - [12] . It is obvious that both the dipole orientation and the light polarization play an important role in the output intensity of OLEDs, which can be easily calculated based on the proposed generalized Fabry-Pérot formulation.
Conclusion
We proposed a generalized Fabry-Pérot formulation in the optical modeling of OLEDs, which can easily calculate the effect of the dipole orientation and light polarization on the angular emission spectra without the use of complicated rigorous electromagnetic models. The Fig. 7 . Angular emission characteristics calculated by the generalized Fabry-Pérot formulation (black solid line) and the rigorous electromagnetic model (red dot line) at the same OLED structure of Fig. 6(a) . The calculation is performed at the single wavelength of 520 nm. The light intensity is normalized in reference to the intensity at the viewing angle of 0°.
proposed generalized Fabry-Pérot formulation was derived based on the source-term method and proven to be equivalent to the currently-used Fabry-Pérot formulation in the case of isotropic dipole orientation. The generalized Fabry-Pérot formulation included all three factors used in the quantum-mechanical model based on Fermi's golden rule.
To demonstrate the applicability and the validity of the generalized Fabry-Pérot formulation, the angular emission characteristics of a top-emitting OLED was calculated with respect to the horizontal dipole ratio and the light polarization. The angular emission spectra became enhanced when the horizontal dipole ratio was high and light is p-polarized, which is matched with previous calculation results obtained by other modeling methods of OLEDs. Because the proposed Fabry-Pérot formulation has a limitation that its application is only limited to the radiation mode, it cannot consider other trapped optical coupling mechanisms such as waveguide modes. However, the generalized Fabry-Pérot formulation has advantage over other electromagnetic models due to its simplicity in the optimization of the multilayer structure of OLEDs, where only the consideration of the radiation mode is sufficient to maximize the output intensity under the micro-cavity effect. The proposed Fabry-Pérot formulation provides an efficient analytical method to calculate the effect of the dipole orientation and light polarization in the output characteristics of OLEDs without heavy mathematical and computational complexity.
